Single-fibre discharges have been recorded from the horizontal ampulla of the isolated labyrinth of Raja. A basis is provided for the interpretation of labyrinthine tone, and of the reflex responses to rotation of unilaterally operated animals. The sensory activity of the semicircular canal provides a framework accounting for nystagmus and after-nystagmus.
The mechanism of the sem icircular canal. A study of the responses of single-fibre preparations to angular accelerations and to rotation at constant speed B y 0 . L o w e n s t e in a n d A. Sand
From the Laboratory of the Marine Biological
, Plymouth, and the Department of Zoology, University of Glasgow mmunicated by S. Kemp, F . R -Received 3 M ay 1940) Single-fibre discharges have been recorded from the horizontal ampulla of the isolated labyrinth of Raja. A basis is provided for the interpretation of labyrinthine tone, and of the reflex responses to rotation of unilaterally operated animals. The sensory activity of the semicircular canal provides a framework accounting for nystagmus and after-nystagmus.
I n t r o d u c t io n
When an annular tube filled with fluid is rotated in its own plane, the fluid, owing to its inertia, stays behind for a brief interval of time a t the beginning of rotation, and thus there results a momentary flow of fluid relative to the wall of the tube in a direction opposite to th a t of rotation. This principle was adduced by Mach (1875) to explain the mode of action of the semi circular canals, and, in the amplified form given to it by Breuer (1891) , who discussed the deformation of the sensory hair cells in the ampulla resulting from the flow of endolymph, the theory has generally served as the basis of subsequent consideration of the function of the semicircular canals. Analysis of labyrinthine reflexes has, however, disclosed a com plexity of function which is not easily reconciled with so simple a scheme, and in the recent literature, although the Mach-Breuer theory has not been set aside, at least so far as concerns the mechanism of the semicircular canals, its precise application to the interpretation of a growing body of experimental knowledge has proved difficult and uncertain. This know ledge is derived to a great extent from experimental eliminations of either or both labyrinths, or of separate parts of the labyrinth.
Removal of both labyrinths produces a loss of tone in the neck and limb musculature and in the eye muscles, and when the operation is unilateral the resulting tonic asymmetry is the more striking. This phenomenon was first observed by Ewald (1892) who described the semicircular canals as [ 256 ] the seat of the tonic function of the labyrinth. Later, especially under the to be regarded as the main source of labyrinthine tone. However, a number of workers (Maxwell 1923; Lorente de No 1926; Huizinga 1932 Huizinga , 1935 Tait and McNally 1934; Lowenstein 1937) have furnished conclusive evidence which the labyrinths exercise over muscle tone. W hat is the nature of this influence? Elimination experiments alone can yield no more precise definition than is implied in Huizinga's supposition of 'eine gewisse Spannung in den Cristae'. Only oscillographic analysis of the sensory activity of the canals can hope to advance our understanding of the tonic influence a stage further.
The compensatory responses of limbs and eyes to rotatory displacement of the animal, being antagonistic with respect to opposite senses of rotation, have naturally pointed to an antagonistic action of opposite pairs of semicircular canals. We have discussed the integrated action of the canals elsewhere (Lowenstein and Sand 1940) . Here we will recall merely th a t evidence has accumulated to show th a t a single intact horizontal canal can be excited by both senses of horizontal rotation to evoke the appropriate nystagmus. Indeed, Lorente de No (1931) insists th a t ampullopetal and ampullofugal flow of endolymph produce reflex effects of equal magnitude. His views are based on experiments with mammalian eye muscles. On the other hand, McNally and Tait (1933) , studying the limb responses of frogs, adhere to Crum Brown's (1874) contention th a t each member of a func tionally associated pair of canals responds to rotation in one sense only. This view was also supported by Ross (1936) , who wras able to obtain oscillographic records of action potentials occurring in slender filaments of the eighth cranial nerve of the frog during rotary stimulation of the isolated labyrinth. Ross stated, however, th a t the technique employed in these experiments did not allow to rule out altogether the possibility of a twoway response of the cristae. A further difficulty arises in consideration of the time relations of nystagmus and after-nystagmus. Maier and Lion (1921) found th a t on an electrically driven turntable nystagmus ceased (in man) after 20 to 40 sec. of constant rotation, and th a t after prolonged rotation after-nystagmus lasted 20-40 sec., and Masuda (1922) showed that, in the guinea-pig, the duration of after-nystagmus is proportional to the angular velocity of rotation, increases with the duration of rotation and attains a maximum after 20-40 sec. of rotation. Why always 20-40 sec. ? it may be asked. At first sight the problem of reconciling these facts with any peripheral mechanism based on the Mach-Breuer concept appears ■nus and de Kleijn, the otolith apparatus came th at the semicircular canals have an im portant share in the influence hopeless, for it must be recalled th a t displacement of the endolymph can occur only during angular a c c e l e r a t i o n,not during rotation at speed, and that, therefore, once the initial acceleration from rest has taken place, the continuation of a constant rotation can exert, apparently, no further influence upon the canal and its contents. I t was on the ground of these considerations th a t Mach maintained th a t the peripheral excitation during a rotation can be only momentary, and Barany (1907) argued th at the duration and frequency of nystagmus are determined by prolonged central excitatory processes evoked by a brief sensory excitation in the crista. More recently, Lorente de No (1931) appears to have accepted this view, and Mowrer (1935) has brought forward experimental evidence in support of it.
In short, there are three aspects of the problem of the mechanism of the semicircular canals which require elucidation: (1) the nature of the tonic influence, (2) the mechanism of discrimination of antagonistic senses of rotation by an individual crista, (3) the causes of the time relations of nystagmus and after-nystagmus.
New light has been shed on the mechanism of the semicircular canal by Steinhausen (1931 Steinhausen ( , 1933 Steinhausen ( , 1935 , who, by means of an elegant technique, disclosed to view the cupula in the ampullae of surviving preparations of the labyrinth of the pike, and recorded photographically its movements during rotation as well as the accompanying reflex responses of the eyes. I t is true th a t the existence of the cupula as a living structure has been denied by some histologists, and in recent times Bowen (1933) has again insisted th a t the cupula is in reality a coagulation product. But in the same communication he writes, 'with dark-field illumination there was frequently found above the crista a material which appeared slightly more mucilaginous than the fluids of the neighbouring endolymphatic spaces'. No more distinctive features are required to establish the cupula as a real and, indeed, fundamentally im portant structure in the sensory apparatus of the semicircular canal. As Steinhausen's observations have revealed, the cupula is a jelly mass capping the crista, filling the whole cross-section of the ampulla, and containing within itself the sensory hair processes of the crista. When hydrostatic pressure is applied to the canal, the endolymph is free to flow along it. Not so the cupula, which, a t its proximal end, adheres to the crista, and is not free to depart from it. Its distal end, however, is free to circumscribe the curved wall of the ampulla. Thus the action of the cupula is like th a t of a swing-door, it sweeps from one side of the ampulla to the other in obedience to the forces operating upon it through the endolymph. Steinhausen's photographic recordings, which were shown at the 16th International Congress of Physiology at Zurich in 1938, have demonstrated this with great clarity. They have demonstrated further th a t the cupula is not a formless mass, but possesses elasticity by virtue of which it returns again when deflected from its normal position of rest. The cupula is in fact a highly damped jelly pendulum and its period is in the neighbourhood of 20 sec. (Steinhausen 1933) .
These facts have a profound significance in the definition of the sensory properties of a semicircular canal. The cupula and the sense hairs are mechanically a single unit, and the mechanical properties governing the displacement of the cupula must determine also the deformation of the sense hairs from which arises the excitation of the end organ. The manner of this excitation and the form of the afferent discharges th a t result from it have always been the ultim ate consideration in all discussion of laby rinth activity. Until recently these discharges have not been accessible to direct experimental investigation. Four years ago we made our first attem pt to obtain oscillographic records from the nerve-branch to the horizontal ampulla of the dogfish (Lowenstein and Sand 1936) . We obtained evidence th a t the ampulla discharges impulses spontaneously when a t rest, and th a t this discharge is augmented during ipsilateral rotation and diminished during contralateral rotation. B ut our records gave only an additive picture of asynchronous activity in the whole nerve branch, and, since a t th a t time it seemed impossible to record the activity of single units, our results were necessarily no more than qualitative. Ross (1936) obtained single fibre discharges from the eighth nerve of the frog, but did not analyse them quantitatively. His interpretation of the mode of function of the semicircular canals differs fundamentally from th a t offered by us, as he does not envisage a spontaneous impulse discharge as a back ground for a two-way response of the ampullary sense ending. Ross did observe impulses ' appearing in the filament for no good or obvious reason ' and 'a resting level of random activ ity ', but he remained doubtful as to 'whether or not this type of activity is characteristic of the normal labyrinth'. Indirect but none the less significant confirmation was pro vided by a study of lateral-line receptors (Sand 1937) . Here single-fibre discharges were successfully recorded and the same picture of a spontaneous rhythm of discharge which could be accelerated and inhibited by an tagonistic stimulation emerged with greater clarity. Another group of elasmobranch sense organs, the ampullae of Lorenzini, were shown to have an analogous mode of behaviour (Sand 1938) . Our success in recording the activity of individual semicircular canals in surviving preparations of the isolated elasmobranch labyrinth (Lowenstein and Sand 1940) has encouraged us to attem pt the quantitative analysis of single-fibre discharges from the horizontal ampulla in response to known angular accelerations and rotations at constant speed. This information is crucial for testing any hypothesis of the mechanism of canal activity, and although the difficulty of teasing out single active units in a nerve twig not more than 2 mm. long, attached at one end to the delicate crista, and lying on the thin wall of the utriculus, is considerable, we have had a sufficient number of successful preparations to furnish the information required. This information, as will presently appear, confirms Steinhausen's observations on the cupula in a most striking manner, and provides a basis for the interpretation of labyrinthine tone, of the two-way response of an individual canal, and of the time relations of nystagmus and after-nystagmus.
M e t h o d s The isolated labyrinth of
Raja clavata is prepared medium size (about 20 in. wing span), removing the lower jaw, severing the head and dividing it into left and right halves by an accurate section in the median vertical plane. The eye is then excised, the rostrum and muscles removed, and the preparation cleaned so as to leave only the cartilaginous labyrinth. The ampulla of the horizontal canal and its nerve branch can now be located under a binocular through the posterior wall of the orbit, and by shaving away a groove of cartilage the nerve and lower margin of the ampulla are exposed. The electrode holder consists of two rectangular blocks of ebonite assembled in the form of an L. On its base is mounted a micromanipulator carrying the grid electrode. The straight edges of the roof and floor of the cranium left by the median section through the head can be applied to the vertical surface of the electrode holder, and thus the labyrinth, when secured by rubber bands, can be mounted accurately in its normal horizontal position. Under the binocular, and with very fine instruments, the nerve is divided into strands, care being taken not to perforate the delicate utricular wall upon which the nerve lies. Subdivision of the nerve combined with gentle partial crushing close up to the ampulla is pushed as far as possible in the hope of isolating a single unit. A watchmaker's forceps, mounted on the micromanipulator, serves as grid electrode, and when the dissection is complete the peripheral stump of the nerve strand is gripped in the forceps and lifted from the utricular wall. The neutral electrode, a silver wire, is laid on a wisp of cotton-wool soaked in Ringer against the cartilage close to the opening, and held there by the rubber bands securing the preparation. A few threads of cotton-wool make contact with the edge of the ampulla so as to reduce the inter-electrode resistance as nearly as possible to the value of the nerve resistance itself. The holder is placed on a small wooden turntable, 16 cm. diameter, with a long pivot running in oil, and carrying, under the tu rn table, a small pulley to which the drive is applied. The position of the holder on the turntable is so adjusted th a t the labyrinth is placed approximately a t the centre of rotation. The input electrodes are connected to two terminals placed at the top edge of the holder, and from here a short length of flex connects with the input leads to the amplifier. As it was rarely necessary to rotate more than half a revolution no difficulty was experienced from the twisting of the flex.
Angular displacement of the turntable was recorded simultaneously with the action potentials by means of a slotted disk mounted concen trically on the turntable and interrupting a light beam shining on to a photocell. The disk was of brass, 30 cm. diameter, and was cut with three rows of slots. The three rows contained 120, 30 and 10 slots respectively round the circumference, thus providing intervals of 3, 12 and 36°. The photocell was connected to a single-stage amplifier operating a sensitive relay in series with a 2-5 V bulb which provided a light spot reflected into the camera. The relay was so connected th a t when the light beam to the photocell was interrupted by the disk the light spot shone into the camera, and when the beam passed to the photocell through a slot in the disk the light spot was extinguished. Frequency of signals is limited by the inertia of the relay, on the other hand it is desirable to have as many signals as possible on the record for each rotation. The slot interval suitable for a given acceleration had to be chosen with some care. To avoid interference from the signal it was im portant th a t its 2-5 V supply should be insulated from earth. Figure 1 shows a photograph of the turntable assembly.
Uniform angular acceleration was obtained by driving the turntable from a weight falling through a height of 6 ft. The arrangement used is illus trated in figure 2 and consists of two counterpoised weights suspended on fine cords running over pulleys. The drive is taken from the centre pulley through suitable reduction gearing. W ith one pan at the top and the other at the bottom the weight is placed on the top pan, and is held in position by a friction clutch applied to the fast pulley of the reduction gear. On releasing the clutch the weight falls and an acceleration is imparted to the turntable. The weight is prevented from striking the floor by applying the clutch again at the appropriate moment, and the turntable is brought quickly to rest. By transferring the weight from one pan to the other the direction of rotation of the turntable is reversed. As it was desired th at the acceleration of the turntable should last about 3 sec. it was necessary to apply a suitable load to the centre pulley of the falling weight mechanism. This was achieved, very conveniently, by installing a | h.p. high-speed motor with a heavy pulley, removing its brushes (so as to avoid a fluctuating frictional resistance) and causing it to be rotated passively by the revolution F igure 1. Photograph of turntable assembly. D, slotted disk; L, isolated labyrinth; P, photocell; S, spot light.
of the fast pulley of the reduction gear. The motor and the falling weight mechanism were thus connected in parallel, as it were, to the reduction gear. When it was desired to rotate the turntable a t constant speed the drive from the falling weight mechanism was disconnected, the brushes re-inserted in the motor, which was then driven electrically in the usual way. The actual value of the falling weight had to be adjusted within rather narrow limits. I t is limited at one extreme by the inertia of the whole assembly, and at the other by the frictional grip of the cord on the centre pulley of the falling weight mechanism. A weight of 520 g. was used.
All these provisions have to be made with considerable care, but when everything is properly adjusted it is surprising how well and uniformly the mechanism works. I t is, of course, hardly to be expected th a t it should provide an angular acceleration of theoretical constancy, but the photo electric signalling device enabled us to plot the movement of the turntable directly, and to obtain a satisfactory estimate of the value and constancy of the acceleration in every recording.
The mechanism of the semicircular canal Action potentials were recorded with a cathode-ray tube using a stationary spot whose deflexions were photographed on moving bromide paper. A high-gain, condenser coupled amplifier provided a maximum voltage amplification of 5,000,000. Small condensers were inserted in the balanced input stage, as we were concerned only with the frequency of spike potentials. The time signal was a synchronous motor driving a perforated disk in front of a light spot and giving 20 time marks a sec. R e s u l t s Several preparations were obtained in which the nerve had been suffi ciently reduced to permit the identification of individual impulse trains with complete confidence. All of them confirmed our original finding of a spontaneous frequency of discharge which is increased and inhibited by ipsilateral and contralateral rotation respectively. Altogether more than a dozen recordings were made of responses to different speeds of accelera tion in a clockwise and counterclockwise direction. A typical record is reproduced in figure 3 . The large potentials are clearly derived from the activity of a single unit. The record shows the spontaneous frequency of discharge from the stationary labyrinth, the gradual increase in frequency throughout 3 sec. of ipsilateral acceleration, and the complete inhibition of the discharge during contralateral acceleration. The single impulse train appears against a background of smaller potentials, derived apparently from several fibres, whose frequency of discharge does not appear to be significantly influenced by angular acceleration. Such small potentials have been frequently noted, and their meaning remains obscure. One explanation would be th a t they are recorded from fibres less favourably situated with respect to the electrodes. If th a t were so it is to be expected th a t in some preparations these non-responding fibres would yield the dominant potentials. B ut this has not happened, except in one case where a pure single-fibre discharge was found to be quite unaffected by rotation. B ut in th a t case, it was found, on examination, th a t the horizontal canal was damaged and had collapsed-an observation which in itself provides an interesting confirmation of our general conclusions. In no instance have we obtained a record in which the non-responding potentials were dominant and the responding potentials in the background. This leads one to the alternative explanation th a t the ampulla, in addition to its principal innervation, is supplied w ith fibres of relatively small diameter which are not concerned w ith the response to rotation and whose function remains unknown. B ut whatever the significance of these small potentials may be the fact stands out with complete clarity th at, whether one is recording from a nerve in which a large number of fibres are active together, or from one reduced to a point where the activity of an individual unit can be identified, the sensory activity of the organ is demonstrated by the increase and decrease in the frequency of a resting discharge.
The records of figure 3 were taken a t a paper speed of 5-2 cm. per sec. for the purpose of reproduction. For quantitative analysis, however, we have recorded a t a paper speed of 19 cm. per sec., and this gave records in which the angular displacement and frequency of impulses could be measured with great accuracy. From the measurements, the acceleration was calculated by applying the kinematic formula a where is the angular displacement from rest in time t during a constant acceleration a. This process involves an error due to the uncertainty of the instant of the beginning of rotation. We took care to reduce this error to a minimum by adjusting the position of the turntable before each recording so th at the In figures 4 and 5 are plotted the responses of the same preparation to ipsilateral rotation a t an acceleration of 15° per sec.2 and to contralateral rotation a t an acceleration of 18° per sec.2. I t should be noted, in passing, th a t in figure 5 , recorded a few minutes after figure 4, the resting discharge had returned to the same frequency as before the recording of figure 4, namely 5*5 sec. I t should be noted also th a t the entire stimulation of the labyrinth to these determinations was no more than a turning through 60° in a little over 2-5 sec. The principal point th a t emerges from these results is the remarkable linearity of the gradual increase or decrease in frequency during uniform acceleration, and this is a conclusion th a t is confirmed by all our other records. Further, these figures show th a t quick arrest of an ipsilateral rotation is followed by a negative after-effect, and quick arrest of a contralateral rotation is followed by an after-discharge.
In figures 6 and 7 we have plotted the frequency responses of twelve recordings of ipsilateral rotations a t different accelerations, and eleven recordings of contralateral rotations. The resting frequencies on these records ranged between 5-5 and 13 per sec., and, for the sake of clarity, we have corrected all the plotted frequencies in proportion to a resting fre quency of 10 per sec. The linearity of the responses is clearly seen, the after effects are usually present, and the proportionality between the speed of seconds F i g u r e 7. Same two preparations as in figure 6. Eleven responses to contralateral accelerations ranging from 9 to 63° per sec.2.
acceleration and the intensity of the response is shown very convincingly by the curves of figure 6, rather less conclusively by figure 7. The range of accelerations applied in figure 6 is from 7 to 36° per sec.2, and from 9 to 63° per sec.2 in figure 7 . I t is worth noting th a t an acceleration of 7° per sec.2 implies a displacement of 180° from rest in 7*2 sec., and an accelera tion of 63° per sec.2 means 180° displacement in 2-4 sec. In order to obtain an estimate of the threshold value of the excitatory effect of ipsilateral acceleration we have plotted from the data of figure 6 the percentage increase in frequency after 2-5 sec. of uniform acceleration and extrapolated to zero. This is shown in figure 8 . The threshold acceleration appears to lie in the region of 3° per sec.2.
To rotate the turntable a t constant speed the falling weight mechanism was disconnected and the drive taken from the high-speed motor. The rotation signal served to test the constancy of the speed of revolution. I t was found that, on starting the motor, acceleration was almost instan taneous and the turntable acquired from the very beginning a uniform velocity of great constancy. In figure 9 are shown the responses of a single unit to prolonged ipsilateral and contralateral rotation a t 36° per sec. An degrees per sec.2 interval of 10 min. intervened between the two rotations. In this pre paration the frequency of the resting discharge was rather higher than usual, being 24-25 a sec. This had the advantage of allowing a greater frequency range for the inhibitory effect of contralateral rotation to manifest itself, and, as the figure shows, the total effects of the two antagonistic rotations were quantitatively the same. The responses in this instance are strikingly different from those observed under constant acceleration. At the beginning of rotation there occurs an abrupt increase or a total inhibition of the frequency of discharge, and this is followed by a slow return to the frequency of the resting discharge. The question at once arises whether this is to be interpreted as an adaptation phenomenon. If it were so interpreted, it would have to be assumed th a t the deformation of the receptor brought about by the sudden acceleration at the beginning of rotation was indefinitely and steadily maintained throughout the prolonged rotation at constant speed. I t is, in fact, a question of whether or not the cupula is an elastic body. On this point the observations of Steinhausen (1933) appear to us to be decisive. He observed the deflexion of the cupula in the pike under conditions almost identical with ours, except th a t the speed of rotation was five times as great, and gives a graph of the behaviour of the cupula which corresponds fairly closely with our curves of the frequency response. The duration of the return of the cupula to its resting position during sustained constant rotation was 20 sec. I t is of interest in this connexion th a t Ross (1936) described prolonged impulse discharges lasting up to 17 sec. to occur in the eighth nerve of the frog during and after rotary stimulation. I t would appear, therefore, th a t adaptation, if it is a property of the receptors of the semicircular canals at all, plays no significant part in the behaviour of this mechanism. The linearity of the response to a constant acceleration adds support to this conclusion. The frequency of the discharge in a single receptor unit must be regarded as being determined primarily, perhaps exclusively, by the degree and direction of deformation, within physiological limits, of the cupula.
Co n c l u sio n s
The results of our experiments are in complete agreement with the MachBreuer theory of canal mechanism. There is nothing to suggest th a t the semicircular canal departs in any significant respect from the physical model of an annular tube filled with fluid. B ut our results advance our understand ing in two ways. They define the characteristics of the neural mechanism of the end organ, and they combine with Steinhausen's observations to focus our attention on the cupula and its physical properties.
The neural mechanism has been discussed in previous publications. Its fundamental property is a permanent state of excitation which gives rise to a persistent, spontaneous rhythm of impulse discharge. The origin of this excitation must remain for the present a m atter of conjecture. I t is possible, on the one hand, th a t the end organ contains within itself a rhythmical, self-exciting mechanism similar to those which have been suggested to be the cause of central nervous rhythms. On the other hand, it may be supposed th a t the receptor is maintained in a permanent state of tension-Huizinga's ' gewisse Spannung'-which, owing to the non adapting quality of the end organ, gives rise to the persistent discharge. I t is difficult, in the case of a deformation receptor, to distinguish between these two possibilities, and the distinction probably has little meaning. The essential fact is th a t the rhythmical excitation is there when no deforming force operates upon the cupula. For it is only by envisaging the cupula as an elastic body which, when released from an imposed deforma tion returns to its normal position of rest, th at the behaviour of the semicircular canal can be interpreted. I t will be, of course, of the utm ost importance to determine whether the spontaneous discharge and its inhibition by contralateral rotation occur generally in vertebrates, but the difficulty of recording from an individual ampulla of a bony labyrinth may well prove insuperable. So far the phenomenon has been demonstrated only in elasmobranchs, though the spontaneous discharge was first described by Hoagland (1935) in the lateral-line nerves of teleostean fishes.
In earlier publications (Lowenstein and Sand 1936 ; Lowenstein 1937) we have argued th a t the inhibition of the spontaneous discharge by contra lateral rotation provides a basis for the occurrence of reflex responses to rotation in both directions in unilaterally operated animals. The quanti tative behaviour of single-fibre preparations, as illustrated by figure 9, shows th a t the magnitude of sensory effect, in terms of frequency change, can be as great during contralateral as during ipsilateral rotation. The eye movements of nystagmus, as Lorente de No (1931) has shown, involve not only the contraction of appropriate muscles, but also the inhibition of their antagonists. I t may well be th a t the co-ordination of the activity of the motor centre depends not only on the excitation of the ampulla which is ipsilaterally rotated, but in equal measure on the simultaneous inhibition of the contralateral ampulla.
The importance of the cupula is that, while during angular acceleration it follows the relative movement of the endolymph and is deflected by it, once a uniform angular velocity has been attained the cupula does not, like the endolymph, remain in place relative to the wall of the canal, but by virtue of its elasticity slowly returns to its resting position. I t may even be th a t the cupula, if it fits closely enough into the ampulla, pushes the endolymph back again in returning to rest. There is no evidence on this point, and it is of no great practical importance. When a prolonged rotation is discontinued, the cupula, having returned to rest during the rotation, is deflected in the opposite direction by the deceleration, and from there again slowly returns to rest. Thus the sensory effects of acceleration and deceleration are only equal and opposite if a rotation at constant speed has intervened between them of sufficient duration to permit the cupula to return to rest after its deflection by the acceleration. This duration, according to Steinhausen's data and ours, is of the order of 20-30 sec. If deceleration occurs sooner than 20 sec. after acceleration the deflexion of the cupula in the antagonistic direction is proportionately less, and the sensory after-effect is similarly reduced. These considerations are illustrated graphically in figure 10 .
Prolonged rotations at constant speed are only experienced by animals in a laboratory. In nature the displacements with which the labyrinths are mostly called upon to deal are quick acceleration followed immediately by deceleration. Under such conditions the deflexion of the cupula is no more than a monophasic swing, and no sensory after-effects can be expected to follow. From these considerations it follows inevitably th a t the duration of nystagmus and after-nystagmus, as well as the dependence of the latter on the duration of rotation a t constant speed, are peripherally determined by the physical properties of the cupula. I t must be constantly borne in mind th a t in considering the responses of an intact animal we are dealing with the two cupulae of the two antagonistic horizontal canals. However prolonged the rotation, sensory stimulation continues only during the initial period occupied by the return of the cupulae to rest, and nystagmus can occur only during th a t period. The sensory after-effect, upon which after-nystagmus depends, can never have a duration longer than the period of the return of the cupulae to rest, and it only has th a t full duration when the rotation preceding it was at least equally prolonged. The duration of the sensory after-effect, and therefore of after-nystagmus, will depend also upon whether rotation is stopped abruptly or gradually. The quicker the deceleration, the greater will be the deflexion of the cupulae in the opposite direction, and the more prolonged the sensory after-effect and the after-nystagmus. Rohrer and Masuda (1926) , in a theoretical discussion of physical processes in the labyrinth, arrived a t similar conclusions. Our observations furnish an experimental verification of their argument.
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S u m m a r y of labyrinthine tone, and of tlie reflex responses to rotation in both directions of unilaterally operated animals.
9.
The sensory activity of the semicircular canal, interpreted in terms of the physical properties of the cupula, provides a framework which is adequate to account for the time-relations of nystagmus and after nystagmus.
